Fluxon electronic devices by Pedersen, Niels Falsig
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
• You may not further distribute the material or use it for any profit-making activity or commercial gain 
• You may freely distribute the URL identifying the publication in the public portal  
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
   
 
Downloaded from orbit.dtu.dk on: Dec 17, 2017
Fluxon electronic devices
Pedersen, Niels Falsig
Published in:
I E E E Transactions on Magnetics
Link to article, DOI:
10.1109/20.133925
Publication date:
1991
Document Version
Publisher's PDF, also known as Version of record
Link back to DTU Orbit
Citation (APA):
Pedersen, N. F. (1991). Fluxon electronic devices. I E E E Transactions on Magnetics, 27(2, 4), 3328-3334. DOI:
10.1109/20.133925
3328 IEEE TRANSACTIONS ON MAGNETICS, VOL. 27, NO. 2, MARCH 1991 
A b s t r a c t  
FLUXON ELECTRONIC DEVICES 
N. F. Pedersen 
Physics Laboratory  I 
The Technica l  U n i v e r s i t y  o f  Denmark 
DK-2800 Lyngby, Denmark 
The fundamental p r o p e r t i e s  o f  f l uxons  on Josephson 
t ransmiss ion  l i n e s  a r e  d iscussed from bo th  a t h e o r e t i c a l  
and an exper imenta l  p o i n t  o f  view. Var ious a p p l i c a t i o n s  
w i t h i n  superconduct ing analog and d i g i t a l  e l e c t r o n i c s  
a re  eva l  uated. 
J n t r o d u c t i  on 
Fluxons on l o n g  Josephson j u n c t i o n s  have very unusual 
and i n t e r e s t i n g  p r o p e r t i e s .  
The p o s s i b l e  a p p l i c a t i o n s  o f  those unique p r o p e r t i e s  
have s t i m u l a t e d  a l o t  o f  recen t  research a c t i v i t y .  The 
p resen t  paper focusses on t h a t  t o p i c  and d iscusses t h e  
p o t e n t i  a1 a p p l i c a t i o n s  w i t h i n  superconduct ing 
e l e c t r o n i c s .  Before address ing t h a t  t o p i c ,  however, we 
devote a s e c t i o n  t o  remind t h e  reader  o f  t h e  bas i c  theo ry  
and p r o p e r t i e s  o f  f l uxons  on t h e  Josephson t ransmiss ion  
l i n e  (JTL). T h i s  s e c t i o n  i s  f o l l o w e d  by a s e c t i o n  t h a t  
dea ls  w i t h  bas i c  exper imenta l  p r o p e r t i e s  i l l u s t r a t e d  by 
examples f rom t h e  pub l i shed  l i t e r a t u r e .  I n  t h e  sec t i ons  
t h e r e a f t e r  d i g i t a l  a p p l i c a t i o n s ,  rf a p p l i c a t i o n s  and 
analog a m p l i f i e r  a p p l i c a t i o n s  based on f l uxons  are 
discussed. The paper i s  concluded by a summary. 
1. Basic T h e o r e t i c a l  O u t l i n e  
A f luxon i s  a quantum o f  magnetic f l u x  t h a t  has 
s o l i t o n i c  p r o p e r t i e s  and may e x i s t  f o r  example on a 
Josephson t ransmiss ion  l i n e  (JTL). Here i t  w i l l  appear 
as a l o c a l i z e d  2n phasesh i f t ,  t h a t  may move much l i k e  
a p a r t i c l e  under t h e  i n f l u e n c e  o f  d r i v i n g  fo rces  (e.g. 
b i a s  c u r r e n t )  and damping. I t has a v o r t e x  c u r r e n t  
s t r u c t u r e  w i t h  a corresponding magnetic f i e l d  i n  t h e  
p lane o f  t h e  b a r r i e r  and a t  r i g h t  angles t o  t h e  l e n g t h  
o f  t h e  JTL. 
The assoc ia ted  magnetic f l u x  i s  quant ized i n  u n i t s  
o f  t h e  f l u x  quantum a0 = 2 .07~10-15  V S .  
A l though a f u l l  d e r i v a t i o n  cannot be given, a few o f  t h e  
bas i c  p r o p e r t i e s  w i l l  be o u t l i n e d  here.  (A more complete 
d e s c r i p t i o n  may be found i n  f o r  example r e f s .  (1,Z)). 
For an extended ( i n  t h e  x d i r e c t i o n )  one d imensional  
Josephson j u n c t i o n ,  t h e  dynamics o f  t h e  quantum mechanical 
phase d i f f e r e n c e  between t h e  two s ides  i s  descr ibed by 
t h e  f o l l o w i n g  p a r t i a l  d i f f e r e n t i a l  equat ion l32,  which i s  
Manuscript received September 24, 1990. 
r e f e r r e d  t o  i n  t h e  1 i t e r a t u r e  as t h e  pe r tu rbed  sine-Gordon 
equa t ion  
Th is  equa t ion  i s  ob ta ined  by adding a s p a t i a l  term - @,, 
t o  t h e  usual d i f f e r e n t i a l  equat ion f o r  a small  Josephson 
j u n c t i o n .  I n  E q . ( l ) ,  @ ( x , t )  i s  t h e  quantum mechanical 
phase d i f f e r e n c e ,  a = l/rf$ i s  t h e damping parameter 
( pc i s  t h e  usual McCumber parameter g i ven  by pc = 
2e R 2 1 0 C / h ,  where I o  , C, and R a re  t h e  supercurrent ,  
capaci tance and shunt r e s i s t a n c e  per  u n i t  area 
r e s p e c t i v e l y ) .  q i s  t h e  dc b i a s  c u r r e n t  normal ized t o  
l o  . Time t i s  normal ized t o  l/wo where w o  = J2lo/hc 
i s  t h e  Josephson plasma frequency, and t h e  s p a t i a l  
dimension x i s  normal ized t o  t h e  Josephson p e n e t r a t i o n  
depth h, = d h / 2 e d p o J o ,  where d = 2h, t t i s  t h e  magnetic 
th i ckness  o f  t h e  b a r r i e r ,  and Jo i s  t h e  supercurrent  
d e n s i t y .  
a b -. C 
F ig .  1 Geometrical c o n f i g u r a t i o n s  o f  t h e  JTL. (a)  ove r lap  
j u n c t i o n ,  (b )  i n l i n e  j u n c t i o n ,  ( c )  annular  j u n c t i o n .  
The s o l u t i o n  t o  Eq . ( l )  depends on t h e  geometry o f  t h e  
j u n c t i o n  we cons ide r .  I n  F i g . 1  va r ious  p o s s i b i l i t i e s  are 
shown. The s imp les t  case i s  t h e  i n f i n i t e  l i n e  (no boundary 
c o n d i t i o n s )  o f  t h e  ove r lap  geometry (F ig .  l a )  o r  t h e  
annular  j u n c t i o n  (F ig .  I C )  o f  l e n g t h  1>>1, where we can 
use p e r i o d i c  boundary c o n d i t i o n s .  I n  bo th  cases we may 
cons ide r  q s p a t i a l l y  independent and assume a t r a v e l l i n g  
wave s o l u t i o n  @ ( x , t )  = @(A; here x = x - u t ,  where U i s  
t h e  v e l o c i t y  normal ized t o  t h e  speed o f  l i g h t  i n  t h e  
b a r r i e r  c = c m  , c be ing  t h e  vacuum speed o f  l i g h t  
and E t h e  r e l a t i v e  d i e l e c t r i c  constant ,  ( u < l ) .  
The t r a v e l i n g  wave s o l u t i o n  t o  Eq.1 may be found by 
p e r t u r b a t i o n  analys is392 o r  i n  a p a r t i c u l a r l y  s imple 
way as desc r ibed  i n 4 .  The r e s u l t  i s ,  t h a t  t h e  v e l o c i t y  
i s  determined by a power balance between t h e  b i a s  q and 
t h e  l osses  g i v e n  by a i . e .  
0018-9464/91x)300-3328$01.00 0 1991 IEEE 
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and t h e  vo l tage  v i s  g i ven  by 
v = 2n ( u / l )  (3)  
f o r  1>>1. A t y p i c a l  c u r r e n t  vo l tage  c h a r a c t e r i s t i c ,  
Eq.(2,3), i s  shown i n  F ig .  2a. Th is  curve i s  o f t e n  i n  
the  l i t e r a t u r e  r e f e r r e d  t o  as a ze ro  f i e l d  s tep.  The 
shape o f  t h e  s o l i t o n  i s  approx imate ly  g i ven  by2-4 
Here F, = ( x  - u t ) y ( u ) ,  where i s  t h e  
Lorentz  f a c t o r .  The shape o f  t h e  phase d i f f e r e n c e  @(') 
t oge the r  w i t h  t h e  j u n c t i o n  vo l tage  4;') ( o r  t h e  v o r t e x  
c u r r e n t  4',")) i s  q u a l i t a t i v e l y  shown i n  Fig.2b. The vo l tage  
has t h e  shape o f  a pu lse;  i t  narrows and increases i n  
ampl i tude as t h e  v e l o c i t y  approaches 1 (speed o f  l i g h t )  
y ( u ) =  l / d l - u z  
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F i g .  2 (a ) .  S o l i t o n  v e l o c i t y  U and vo l tage  v versus b i a s  
11 w i t h  a = 0.1. ( b ) .  Q u a l i t a t i v e  drawing o f  s o l i t o n  QS 
and i t s  t ime  d e r i v a t i v e  4; ( s p a t i a l  d e r i v a t i v e  4;). 
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because o f  t h e  Lo ren tz  c o n t r a c t i o n  b u i l t  i n t o  Eq. (4) .  
Hence t h e  p r o p e r t i e s  o f  t h e  f l u x o n  on t h e  JTL may a l s o  
be desc r ibed  as those o f  a r e l a t i v i s t i c  p a r t i c l e .  Eqs. 
(2,3) break down, i f  t h e  l i n e  i s  n o t  ve ry  long,  so t h a t  
boundary e f f e c t s  p l a y  a r o l e .  Eqs.2-4 and t h e  Lo ren tz  
i n v a r i a n c e  break down, i f  losses  (a) are  l a r g e  and/or q 
approaches 1, i . e .  t h e  p e r t u r b a t i o n s  become la rge .  
Cor rec t i ons  can be worked out2-475, bu t  w i l l  n o t  be d e a l t  
w i t h  here. 
The s i m p l e s t  e f f e c t  o f  a boundary a t  x = 1 i s  t h e  
obvious t h a t  no c u r r e n t s  can pass beyond x = 1. T h i s  
g i v e s  t h e  boundary c o n d i t i o n  
T y p i c a l l y  - though n o t  always - t h i s  boundary c o n d i t i o n  
i m p l i e s  t h a t  a f l u x o n  i s  r e f l e c t e d  ( e l a s t i c a l l y )  as an 
a n t i f l u x o n  w i t h  t h e  v a r i a b l e  E = (x  t u t ) y ( u )  t o  be 
i n s e r t e d  i n  Eq. 4, i . e .  U and @ x  changes sign273. 
More e l a b o r a t e  schemes f o r  f l  uxon e l e c t r o n i c s  r e q u i r e  
t h e  s imul taneous presence o f  bo th  f l u x o n s  and a n t i f l u x o n s .  
Fluxons and a n t i f l u x o n s  have i n t e r e s t i n g  and unusual 
p r o p e r t i e s ;  f o r  example they  may pass through each o t h e r  
i n  a c o l l i s i o n  - p rov ided  t h e  b i a s  c u r r e n t  exceeds a 
t h r e s h o l d  b i a s  c u r r e n t  qlfh g i v e n  approx imate ly  by6 
7 1 f h  = ( 2 a ) 3 / 2  (6) 
For b i a s  below qth t h e  f l u x o n  and a n t i f l u x o n  a n n i h i l a t e  
each o the r ,  and t h e  energy i s  d i s s i p a t e d  as smal l  
o s c i l l a t i o n s  on t h e  JTL. F ig .3 shows a numer ica l  
c a l c u l a t i o n  o f  a f l u x o n - a n t i f l u x o n  co11is ion7 w i t h q > q f h .  
S o l i t o n s  i n  t h e  sense d iscussed here app ly  t o  o t h e r  
phys i ca l  systems such as a p a r a l l e l  a r r a y  o f  
microbr idges8,  charge d e n s i t y  waves9 and a pendulum 
c h a i n l o .  For  i l l u s t r a t i o n  F i g  4 shows a (computed) annu la r  
pendulum chain,  which i s  amechanical analog o f  an annular  
j u n c t i o n  ( F i g  IC) c o n t a i n i n g  one f l u x o n l l .  
0 X i 
Fig.  3 C o l l i s i o n  between a s o l i t o n  and an a n t i s o l i t o n  
w i t h  a = 0.2. q = 0.22, normal ized l e n g t h  1 = 40. The 
w igg les  f o r  smal l  t i m e  a r e  t r a n s i e n t s  t h a t  have n o t  y e t  
been damped ou t .  (Ref. 7 ) .  
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F ig .  4 Computer-generated equ iva len t  pendulum a r r a y  w i t h  
a 2n k i n k .  a=0.02,q=0.4, and 1=8 ( a f t e r  Ref .  11). 
7 Dynamics on t h e  JTL: Basic  ExDerimentS 
There a re  severa l  ways t o  exper imen ta l l y  observe t h e  
t h e  phenomena d iscussed above. The s imp les t  experiment 
t o  per form w i t h  f l u x o n s  on t h e  JTL i s  t o  measure i t s  
IV-curve.  F i g .  5 shows an I V  curve measured f o r  an annular  
JTLll. The numbering on t h e  curves correspond t o  t h e  
number o f  f l uxons  and a n t i f l u x o n s .  Such measurements 
measure t h e  average v e l o c i t y  o f  t h e  f l uxons  c . f .  Eq. ( 3 ) .  
The f i r s t  experiment i n  which f l u x o n  dynamics were 
descr ibed,  was such an I V  curve measurement o f  an ove r lap  
t ype  o f  j u n c t i o n 1 2 .  More d i r e c t  measurements o f  t h e  shape 
o f  t h e  f l u x o n s  have r e c e n t l y  become p o s s i b l e  w i t h  t h e  
development o f  Josephson j u n c t i o n  sampling c i r c u i t s  ( o r  
even t r a d i t i o n a l  e l e c t r o n i c s  w i t h  microprocessor  d a t a  
averaging and a n a l y s i s ) .  Examples o f  bas i c  s t u d i e s  us ing  
these remarkable measurement techniques a re  found 
in13-16. I n14  t h e r e  was an exper imenta l  obse rva t i on  o f  
a f l u x o n  r e f l e c t i o n .  Even a d i r e c t  measurement o f  a 
f l u x o n - a n t i f l u x o n  c o l l i s i o n  on a JTL (such as t h e  one i n  
F i g .  3) has been measured by a Josephson sampling 
c i r c u i t l 5 .  In16 bo th  t h e  a n n i h i l a t i o n  case ( q < q L h )  and 
t h e  pass ing through case ( q >  q th )  was observed d i r e c t l y .  
( S t a t i o n a r y )  f l u x o n s  have been measured by STM 
techn i  quesl7 and e l  ec t ron -ho l  ographic  i n t e r f e r o m e t r y l 8 .  
I I I I 1 I I 
--+ 3 )  1 I 
0 40 80 120 
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F i g .  5 Experimental I - V  curves (superimposed) f o r  t h e  
annular  j u n c t i o n  o f  Ref. 11. The numbers i n  pa ran thes i s  
a re  t h e  number o f  p a r t i c i p a t i n g  s o l i t o n s  and a n t i s o l i t o n s .  
Even i n  t h e  r e l a t i v e l y  s imple dc - I V  - curve 
measurementsl1' l9 and i n  microwave emission 
measurements20 can t h e  q u a l i t a t i v e  behaviour o f  f l uxons  
toge the r  w i t h  severa l  d e t a i l s  o f  t h e  dynamics be observed. 
Methods t o  move and s top  f l uxons  on t h e  JTL by app ly ing  
an e x t e r n a l  c o n t r o l  c u r r e n t  have been devised, and 
c i r c u i t s  demonstrat ing such c o n t r o l l e d  behaviour have 
been b u i l t  and t e s t e d 2 I .  Other experiments, i n c l u d i n g  
microwave experiments, w i l l  be descr ibed i n  t h e  n e x t  
sec t i ons  on a p p l i c a t i o n s .  Thus t o  b r i e f l y  summarize t h e  
two f i r s t  sect ions,  t h e  na tu re  and fundamental dynamical 
p r o p e r t i e s  o f  f l u x o n s  on t h e  JTL are w e l l  understood bo th  
t h e o r e t i c a l  1 y and exper imenta l  1 y . 
3 D i s i t a l  A ~ ~ l i c a t i o n s  
The i s o l a t e d  f l u x o n  was shown t o  behave l i k e  a 
p a r t i c l e .  The re fo re  t h e  presence o r  absence o f  a f l u x o n  
i n  a l o n g  j u n c t i o n  can rep resen t  t h e  two d i f f e r e n t  s t a t e s  
i n  l o g i c  ope ra t i ons .  
The concept o f  us ing  a f l u x o n  i n  d i g i t a l  s i g n a l  
process ing was p robab ly  f i r s t  suggested i n  t h e  e a r l y  
seven t ies  by t h e  group a t  t h e  B e l l  Telephone 
Laborator ies22.  They r e a l i z e d  t h a t  t h e  soca l l ed  f l u x  
s h u t t l e  had a p o t e n t i a l  f o r  s t o r i n g  and process ing 
i n f o r m a t i o n  by t r e a t i n g  t h e  f l u x o n  as t h e  fundamental 
i n f o r m a t i o n  b i t .  T h e i r  concept o f  a f l u x  shu t t l e22 ,  which 
was a l s o  b u i l t  exper imenta l ly23,  i s  s t i l l  d iscussed and 
p rov ides  a s tandard t o  which newer dev ices a re  compared. 
A f l u x  s h u t t l e  i s  a system o f  Josephson j u n c t i o n s  and 
i n d u c t o r s  as shown schemat i ca l l y  i n  F ig .  6. From t h e  
na tu re  and appearence o f  t h e  equ iva len t  diagram, we see 
t h a t  t o  r e a l i z e  it, we can imagine bo th  a system c o n s i s t i n g  
o f  an a r r a y  o f  small  j u n c t i o n s  o r a l t e r n a t i v e l y a  s p a t i a l l y  
modulated JTL. The b a s i c  i dea  i s  t h a t  t h e  p o s i t i o n  o f  
f l uxons  on t h e  Josephson t ransmiss ion  l i n e  o f  t h i s  spec ia l  
design, can be c o n t r o l l e d  and manipulated by t h e  
a p p l i c a t i o n  o f  c o n t r o l  c u r r e n t s  and magnetic f i e l d s .  The 
t imesca le  f o r  s w i t c h i n g  i s  determined by t h e  Josephson 
plasma f requency and may be o f  o rde r  a few picoseconds, 
w h i l e  t h e  d i s s i p a t i o n  pe r  s h i f t Z 2  i s  o f  o rde r  10-18 J. 
An e a r l y  paper by Nakajima e t  a l . 24  d iscussed t h e  
des ign o f  l o g i c  c i r c u i t s  which employed t h e  f l u x o n  as 
t h e  b a s i c  b i t  o f  i n fo rma t ion .  The s tandard l o g i c  
ope ra t i ons  such as OR, AND, and NOT was shown t o  be 
p o s s i b l e  i n  networks c o n s i s t i n g  o f  Josephson t ransmiss ion  
l i n e s  a lone.  
I n  t h e  days o f  t h e  IBM Josephson computer p r o j e c t  such 
ideas were a l s o  i n v e s t i g a t e d  there25,  a l though i t  was 
n o t  i nco rpo ra ted  i n  t h e  mainstream o f  t h e  computer 
p r o j e c t .  The assoc ia ted  experiments cons is ted  o f  a s e r i e s  
o f  measurements on a cha in  o f  t e n  l o n g  j u n c t i o n s  w i t h  
F i g .  6 Schematic drawing o f  t h e  f l u x  s h u t t l e .  
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f o r k s  and corresponding c o n t r o l  l i n e s .  Time de lays  o f  
o rde r  5 ps and energy d i s s i p a t i o n  o f  o rde r  10-19 J p e r  
1 o g i c  ope ra t i on  was p ro jec ted .  
Experimental s t u d i e s  on f l u x o n  d i g i t a l  dev ices and 
c i r c u i t s  have been done s e r i o u s l y  a t  E l e c t r o t e c h n i c a l  
Laboratory  (ETL), Tsukuba. A t  an e a r l y  s tage f l u x o n  
t r a n s f e r  dev ices have been proposed and b u i l t ,  i n  which 
e x t e r n a l  r e s i s t o r s  p a r t l y  connected t o  l o n g  Josephson 
j u n c t i o n s  made f l u x o n  s topp ing  p o s i t i o n s .  I n  one case 
these r e s i s t o r s  a re  p laced t o  shunt t h e  tunne l  b a r r i e r s  
o f  l o n g  junc t i ons26 ,  and i n  another case they  a re  p laced 
t o  shunt t h e  inductance o f  l o n g  junc t i ons21 .  A l so  a f l u x o n  
s igna l  d i s t r i b u t o r  where l o n g  Josephson j u n c t i o n s  a re  
connected by r e s i s t o r s  has been c a r e f u l l y  tested27.  The 
concept o f  t h e  f l u x o n  t r a n s f e r  dev ices has been developed 
t o  h ighe r  s o p h i s t i c a t i o n .  A f l u x o n  pulser28,  and, q u i t e  
r e c e n t l y ,  a f l u x o n  s h i f t  r e g i s t e r 2 9  has been proposed 
and demonstrated. The experiments showed t h e  successfu l  
8 b i t  r e a d - i n  and read -ou t  ope ra t i ons  i n  a s h i f t  r e g i s t e r  
w i t h  16 gates i n  a l o n g  Josephson j u n c t i o n .  
Recent ly  Nakajima e t  a1 .30 have proposed a new scheme 
f o r  a f l u x o n  Josephson computer. The c i r c u i t s  a re  termed 
phase mode d i g i t a l  Josephson c i r c u i t s  as opposed t o  
vo l tage  mode Josephson c i r c u i t s .  I n  t h e  phase mode system 
a dev i ce  depends on t h e  ex i s tence  o f  many s t a b l e  s t a t e s  
d i f f e r i n g  f rom one another by i n t e g e r  m u l t i p l e s  o f  2 n  i n  
t h e  phase plane. The phase mode system i s  c la imed t o  be 
super io r  i n  power d i s s i p a t i o n  t o  t h e  vo l tage  mode system 
by two o rde rs  o f  magnitude. The authors30 r e a l i z e d  
exper imen ta l l y  severa l  o f  t h e  common l o g i c  ope ra t i ons  by 
elementary c i r c u i t s  composed o f  SQUIDS and two types o f  
branching p o i n t s .  
4. R.F.  ADD^ i c a t l o n s .  Microwave Generation, . .  
I n  connect ion w i t h  a m p l i f i e r s  and mixers a t  m i l l i m e t e r  
and submi l l ime te r  f requencies t h e  j o b  o f  making a l o c a l  
o s c i l l a t o r  o r  pump source i s  a ve ry  impor tan t  and 
n o n t r i v i a l  one. A t  2-400 GHz t r a d i t i o n a l  sources tend  t o  
be bu lky  and expensive. An impor tan t  c o n s i d e r a t i o n  i s  t o  
have a narrow l i n e w i t h  t o  avo id  excess no ise  i n  t h e  
ampl i f i c a t i o n  process. I f  one uses Josephson j u n c t i o n  
mixers and ampl i f i e r s ,  t h e  power requi rements a re  modest 
- i n  t h e  range o f  nanowatts up t o  m ic rowa t t s  a t  most. 
Those requi rements can be very w e l l  s a t i s f i e d  by f l u x o n  
o s c i l l a t o r s .  
4.1. S i n q l e  S o l i t o n  O s c i l l a t o r s  
An impor tan t  reason f o r  us ing  t h e  l o n g  Josephson 
j u n c t i o n  o s c i l l a t o r  i ns tead  o f  a small  j u n c t i o n  one i s  
t he  narrower  l i n e w i d t h  o f  t h e  emi t ted  r a d i a t i o n ,  bu t  o f  
course a l s o  t h e  l a r g e r  p o t e n t i a l  power p l a y s  a r o l e .  A 
s o l i t o n  bouncing back and f o r t h  i n  a l o n g  j u n c t i o n  i s  
perhaps t h e  s imp les t  way o f  r e a l i z i n g  a l ong  Josephson 
j u n c t i o n  l o c a l  o s c i l l a t o r .  I n  t h e  s imp les t  design31 a 
m i c r o s t r i p  l i n e  i s  j u s t  brought  c l o s e  ( 20 - 50 pm) t o  
one end o f  an ove r lap  j u n c t i o n .  When t h e  s o l i t o n  i s  
r e f l e c t e d  a t  t he  end o f  t h e  j u n c t i o n ,  a f r a c t i o n  o f  t h e  
power i s  coupled t o  t h e  m i c r o s t r i p  l i n e .  Since t h i s  crude 
coup l i ng  scheme o n l y  g i v e s  a very weak coup l i ng ,  i t  i s  
p o s s i b l e  t o  s tudy t h e  bare f l u x o n  mot ion by coup l i ng  t h e  
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m i c r o s t r i p  1 i n e  t o  a convent ional  microwave r e c e i v e r  a t  
room temperature. Th is  was done f o r  example in20, where 
i t  was r e a l i z e d ,  t h a t  m u l t i s o l  i t o n  propagat ion cou ld  take  
p lace.  Such m u l t i s o l i t o n  mot ion may keep t h e  fundamental 
o s c i l l a t o r  frequency unchanged, bu t  enhances t h e  power 
emi t ted,  s i n c e  more s o l i t o n s  a r e  i nvo l ved .  A t y p i c a l  
l e v e l  o f  t h e  emi t ted  power a t  10 GHz, w i t h  such a crude 
c o u p l i n g  c i r c u i t  as desc r ibed  above, i s  l o - ' ' -  Watt. 
To i nc rease  t h e  power more e labo ra te  coup l i ng  schemes 
duch as c a v i t y  coupl ing,  s l o t  l i n e s ,  e t c .  must be used. 
A c a r e f u l  measurement o f  t h e  emi t ted  l i n e w i d t h  o f  t h e  
r a d i a t i o n  was r e p o r t e d  i n  31. Again a t  IO GHz t h e  l i n e w i d t h  
tu rned  o u t  t o  be o f  o rde r  a few kHz, which i s  ve ry  
s a t i s f a c t o r y  f o r  a p p l i c a t i o n s .  A t  10 GHz many o t h e r  
techniques can be used t o  produce narrow l i n e w i d t h  
o s c i l l a t o r s ,  however t h e  s i n g l e  j u n c t i o n  s o l i t o n  
o s c i l l a t o r  can e a s i l y  be sca led  t o  100 GHz, o r  even 500 
GHz, w i t h o u t  spec ia l  t echno log ica l  problems. 
T h e o r e t i c a l l y  t h e  a v a i l a b l e  power sca les  a t  l e a s t  
p r o p o r t i o n a l l y  t o  t h e  frequency ( p o s s i b l y  even t o  t h e  
square o f  t h e  frequency) which makes i t  even more u s e f u l  
a t  h i g h e r  f requenc ies .  A t  35 GHz ou tpu t  powers o f  o rde r  
tens  o f  nanowatts was measured i n  a s i n g l e  j u n c t i o n  s o l i t o n  
generator32.  
A more e l a b o r a t e  coup l i ng  scheme may i n c l u d e  t h e  use 
o f  a resonant  c i r c u i t  between t h e  l o n g  j u n c t i o n  and t h e  
m i c r o s t r i p .  Recent ly  numer ica l  s imu la t i ons  have been 
performed33 w i t h  t h e  purpose o f  s tudy ing  t h e  i n t e r a c t i o n  
mechanism between a l o n g  j u n c t i o n  and a c a v i t y .  These 
s imu la t i ons  demonstrated t h a t  i t  was p o s s i b l e  t o  have 
a s o l i t o n  phase l o c k  t o  t h e  c a v i t y  a t  i t s  resonance 
frequency. I n  t h a t  process power was d e l i v e r e d  t o  t h e  
c a v i t y  the reby  cha rg ing  it. With t h e  c a v i t y  f u r t h e r  
coupled t o  a m i c r o s t r i p  c i r c u i t  t h e  power cou ld  be coupled 
ou t .  
A t y p i c a l  problem i n  connect ion w i t h  c o u p l i n g  t h e  
power o u t  i s  t h a t  t h e  l o n g  Josephson j u n c t i o n  o f t e n  has 
an impedance l e v e l  below 1 R w h i l e  t h e  m i c r o s t r i p  
c i r c u i t  has an impedance l e v e l  o f  o rde r  50 0 . Thus 
e i t h e r  c a v i t y  coup1 i n g  o r  m i c r o s t r i p  impedance 
t rans fo rmers  o r  a combinat ion must be used. 
For  some l o c a l  o s c i l l a t o r  a p p l i c a t i o n s  ( f o r  example 
some pa ramet r i c  a m p l i f i e r s )  t h e  impedance l e v e l  o f  t h e  
r e c e i v i n g  dev i ce  i s  a l s o  low.  Thus bo th  t h e  l o c a l  
o s c i l l a t o r  and t h e  pa ramet r i c  a m p l i f i e r  o r  m ixe r  may be 
on t h e  same c h i p  and 50 R c i r c u i t s  a t  microwave 
f requencies can be avoided a l t o g e t h e r .  The coup l i ng  l o s s  
f rom t h e  l o n g  Josephson j u n c t i o n  can be reduced 
cons ide rab ly .  I n  such an experiment w i t h  bo th  t h e  JTL 
s o l i  t o n  genera to r  and t h e  Josephson j u n c t i o n  d e t e c t o r  on 
t h e  same ch ip ,  C i r i l l o  e t .  a1.34 measured about 0.1 pW 
generated a t  about 75 GHz. 
I t  should be kep t  i n  mind however, t h a t  f o r  many 
a p p l i c a t i o n s ,  i n c l u d i n g  r a d i o  astronomy, t h e  impedance 
l e v e l  o f  incoming s i g n a l s  (antenna) i s  hundreds o f  ohms 
so t h a t  somewhere t h e  inconvenient  impedance 
t r a n s f o r m a t i o n  must be made. 
A q u i t e  d i f f e r e n t  s i n g l e  j u n c t i o n  s i n g l e  f l u x o n  
o s c i l l a t o r  was desc r ibed  by Sakai e t  a1.35. I n  t h i s  
remarkable experiment an i n t e r r u p t e d  annular  l o n g  
Josephson j u n c t i o n  w i t h  a l o a d  r e s i s t o r  i n  one end and 
a feedback r e s i s t o r  connect ing t h e  two ends was used. 
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The o s c i l l a t i o n  waveform a t  24 GHz was measured d i r e c t l y  
by u s i n g  a superconduct ing (Josephson j u n c t i o n )  sampling 
c i r c u i t  . 
I f  two i d e n t i c a l  s o l i t o n  o s c i l l a t o r s  can be 
syncronized t o  phase-lock, t h e  ou tpu t  vo l tage  doubles 
and t h e  power increases a f a c t o r  o f  4. Wi th  N j u n c t i o n s  
l o c k e d  i n  phase t h e  o u t p u t  power would i nc rease  as N 
squared. I n  a remarkable experiment by t h e  Salerno 
group36937 t h e y  used 20 l o n g  j u n c t i o n s  ( o f  which most of 
them phase-locked) and ob ta ined  as much as 0.35 pW a t  
X-band i n  a 50 L2 l i n e .  Th is  i s  more than  adequate f o r  
d r i v i n g  an SIS mixer  o r  a Josephson j u n c t i o n  pa ramet r i c  
a m p l i f i e r .  L inew id ths  down t o  about 5 kHz were measured. 
The success o f  t h e  above experiment i s  remarkable, however 
t h e  d e t a i l s  o f  t h e  phase- lock ing i s  n o t  understood. 
/ 1 / c /  2 / ’  
A X  
F i g .  7 Two phaselocked l o n g  j u n c t i o n s  (1 and 2) coupled 
through c a v i t y  ( C ) .  1 ,  = 1,=4.a ,=0 .05 .a2=O.055.  
w c = 0 . 7 4 , Q c = 4 0  ( a f t e r  Ref. 31). 
I n  o rde r  t o  o b t a i n  g r e a t e r  understanding o f  t h e  
fundamentals o f  t h e  phase- lock ing process exper imenta l  
work w i t h  a s imp le  system c o n s i s t i n g  o f  o n l y  two j u n c t i o n s  
i s  p r e s e n t l y  be ing  pursued by t h e  Lyngby g r 0 u p 3 ~ .  
Numer i ca l l y  t h e  i n t e r a c t i o n  o f  two l o n g  j u n c t i o n s  
end-coupled t o  each o t h e r  through a common c a v i t y  has 
been s t u d i e d  in33. An example o f  such phase- lock ing i s  
shown i n  F ig .  7, which d i s p l a y s  q u i t e  c l e a r l y  t h e  
s y n c r o n i s a t i o n  ( w i t h  a smal l  p h a s e s h i f t )  o f  t h e  s o l i t o n s  
i n  t h e  two l o n g  j u n c t i o n s ,  even though t h e  damping 
parameters were chosen 10% d i f f e r e n t  i n  t h e  two l i n e s .  
The i n t e r a c t i o n  mechanisms between t h e  two j u n c t i o n s  and 
t h e  c a v i t y  i s  q u i t e  complicated: i n  p a r t s  o f  t h e  p e r i o d  
c u r r e n t  i s  t r a n s f e r r e d  f rom a j u n c t i o n  t o  t h e  c a v i t y ,  
and i n  o t h e r  p a r t s  t h e  c u r r e n t  d i r e c t i o n  i s  reversed33. 
Recent ly  Monaco39 h a r  performed d e t a i  1 ed measurements 
on a 20 j u n c t i o n  a r r a y  f a b r i c a t e d  w i t h  almost i d e n t i c a l  
and w e l l  coupled l o n g  Josephson j u n c t i o n s .  The a r r a y  has 
t h e  same geometry as in36937. I n  t h i s  work he was ab le  
t o  b i a s  t h e  a r r a y  i n  such a way t h a t  a v a r i a b l e  number, 
f rom one t o  ten ,  o f  i n d i v i d u a l  j u n c t i o n s ,  p a r t i c i p a t e d  
i n  t h e  l ocked  s t a t e .  The most impor tan t  f ea tu res  o f  h i s  
measurements are: a) t h e  l o c k i n g  range i n  b i a s  c u r r e n t  
v a r i e s  l i n e a r l y  w i t h  t h e  number o f  p a r t i c i p a t i n g  
j u n c t i o n s ;  b)  t h e  power o f  t h e  r a d i a t i o n  e m i t t e d  by t h e  
a r r a y  v a r i e s  w i t h  t h e  square o f  t h e  number o f  p a r t i c i p a t i n g  
j u n c t i o n s .  
Work on t h e  t h e o r e t i c a l  i n t e r p r e t a t i o n  o f  t h e  
experiment i s  i n  progress40. 
I t should be mentioned t h a t  r e c e n t l y  t h e r e  has been 
cons ide rab le  progress a1 so w i t h  coupled ( ve ry )  small  area 
j u n c t i o n s .  A l though t h e  coup l i ng  c i r c u i t r y  tends t o  be 
compl icated and f a b r i c a t i o n  i nvo l ves  E-beam 1 i thography,  
t h e  r e c e n t  r e s u l t s 4 1  a re  ve ry  promis ing.  A 40 j u n c t i o n  
a r r a y  d e l i v e r e d  up t o  1 pW o f  power i n t o  a 60 L2 on c h i p  
d e t e c t o r  a t  f requenc ies  i n  t h e  range 350-380GHz; t h e  
p o t e n t i a l  f o r  y e t  h i g h e r  powers and h ighe r  f requencies 
e x i s t s  a l s o  i n  t h i s  technology.  No measurement o f  t h e  
l i n e w i d t h  were repo r ted ,  b u t  i t  i s  b e l i e v e d  t o  be 
s u b s t a n t i a l l y  h i g h e r  than t h e  kHz 1 i new id th  observed f o r  
t h e  s o l i t o n  o s c i l l a t o r s .  
4.3. F l u x  Flow O s c i l l a t o r s ,  
A dev i ce  t h a t  i s  somewhat s i m i l a r  t o  t h e  s i n g l e  l o n g  
Josephson s o l i t o n  o s c i l l a t o r  i s  t h e  s o c a l l e d  f l u x  f l o w  
o s c i l l a t o r  developed and desc r ibed  i n  a s e r i e  o f  impor tan t  
papers by t h e  group a t  Kyushu Un ive rs i t y42 -45 .  I n  t h e  
f l u x  f l o w  o s c i l l a t o r  a magnetic f i e l d  i s  app l i ed  t o  t h e  
l o n g  Josephson j u n c t i o n ,  where i t  breaks t h e  almost 
symmetric, resonant  c o n f i g u r a t i o n  considered above. 
Fluxons a re  c rea ted  i n  one end o f  t h e  j u n c t i o n  and 
a n n i h i l a t e d  i n  t h e  o t h e r  end, i . e .  t r a n s f e r r e d  t o  an 
e x t e r n a l  c i r c u i t .  Wi th  a s u f f i c i e n t l y  l a r g e  magnetic 
f i e l d ,  t h e  pu lse  cha rac te r  o f  t h e  i n d i v i d u a l  f l uxons  i s  
changed t o  an over1 apping t r a i n  o f  f l uxons  propagat ing 
i n  one d i r e c t i o n .  The r e s u l t s  t h a t  have been obta ined 
a re  impressive42-45. I n  a low impedance r e c e i v e r  on t h e  
same c h i p  was measured about 1 pW o f  power tunab le  between 
100 GHz and 500 GHz by means o f  a magnetic f i e l d .  No 
d i r e c t  exper imenta l  measurement o f  t h e  1 i new id th  has been 
obta ined,  however, i n  an es t ima te  based on t h e  dynamic 
r e s i s t a n c e  o f  t h e  I V  curve p r e d i c t s  a l i n e w i d t h  o f  o rde r  
some tens  o f  kHz44. 
I n  summary t h e  f l u x  f l o w  o s c i l l a t o r  seems t o  be very 
w e l l  developed by t h e  Japanese group and should be mature 
f o r  a p p l i c a t i o n s .  
5 .  Analog AmDlif iers, . .  
The Josephson j u n c t i o n  has demonstrated s u p e r i o r  
p r o p e r t i e s  i n  almost a l l  areas o f  e l e c t r o n i c s .  I t  i s  
t h e r e f o r e  remarkable t h a t  t h e  fundamental element - a 
Josephson t r a n s i s t o r  - does n o t  d i r e c t l y  e x i s t .  However, 
L i kha rev  e t  a l . 46  suggested t h a t  an ove r lap  JTL w i t h  
c u r r e n t  i n j e c t i o n  i n  many p o i n t s  i n  p a r a l l e l  i s  almost 
a complete analog o f  a semiconductor t r a n s i s t o r ,  where 
t h e  r o l e  o f  e l e c t r i c  charge c a r r i e r s  i s  be ing  p layed by 
f l uxons .  A somewhat s i m i l a r  concept was i n v e s t i g a t e d  
exper imen ta l l y  by  van Zeghbroecka’ who found a c u r r e n t  
g a i n  o f  o rde r  2, ve ry  fas t  response and low  power 
d i s s i p a t i o n .  
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Fig.  8 Schematic diagram o f  t h e  v o r t e x  f l o w  t r a n s i s t o r .  
The most i n v e s t i g a t e d  dev i ce  exper imen ta l l y  i s  t h e  
soca l l ed  v o r t e x  f l o w  t r a n s i s t o r  (VFT) schemat i ca l l y  shown 
i n  F ig .  8 .  It c o n s i s t s  o f  one o r  two l o n g  Josephson 
j u n c t i o n s ,  where t h e  c o n t r o l  c u r r e n t  i s  a p p l i e d  e i t h e r  
as a d i r e c t  c u r r e n t  i n j e c t i o n  o r  as a magnetic f i e l d  
produced by t h e  c u r r e n t  i n  t h e  c o n t r o l  l i n e .  When t h e  
magnetic f i e l d  thus  produced exceeds t h e  c r i t i c a l  magnetic 
f i e l d ,  a v o r t e x  t r a i n  i s  produced. These f l u x o n s  a re  s e t  
i n  mot ion by t h e  ex te rna l  t r a n s p o r t  c u r r e n t .  
The vo l tage  s t a t e  due t o  t h e  mot ion o f  t h e  f l u x o n  i s  
s e n s i t i v e  t o  t h e  c o n t r o l  c u r r e n t  ( o r  magnetic f i e l d )  and 
t h e  o p e r a t i n g  p o i n t  w i l l  move a long t h e  l o a d  l i n e  much 
as i n  a t r a n s i s t o r .  T h i s  v o r t e x  f l o w  t r a n s i s t o r  i s  a v e r y  
c l o s e  dual  t o  t h e  semiconductor f i e l d  e f f e c t  t r a n s i s t o r  
(FET). The FET i s  i n  i t s  s imp les t  form a h i g h  impedance 
vo l tage  c o n t r o l l e d  c u r r e n t  source. The VFT i s  more l i k e  
a low impedance c u r r e n t  c o n t r o l l e d  vo l tage  source. 
L ikewise t h e  r o l e  o f  charge c a r r i e r s  (e lec t rons )  i n  t h e  
FET i s  rep laced  by f l uxons  i n  t h e  VFT. 
The f i r s t  exper imenta l  ve rs ion  was r e p o r t e d  by 
Rajevakumar48 fo l l owed  by improved ve rs ions  by Nagatsuma 
e t  a1 .49, Mc G inn is  e t  a l . 50  and Hashimoto e t  al.51. Very 
remarkably, a dev i ce  w i t h  50 VFT have p r e d i c t e d  u s e f u l  
ga ins o f  o rde r  10 - 20 dB up t o  100 GHzs2, a l though t h i s  
has n o t  been conf i rmed i n  t h e  experiments50. 
5 .  Other A ~ ~ l i c a t i o n ~  
. .  
The b e a u t i f u l  and i n t r i g u i n g  na tu re  o f  t h e  f l u x o n s  
on t h e  Josephson t ransmiss ion  1 i n e  has l e d  researchers 
t o  imagine o t h e r  a p p l i c a t i o n s t h a t  have n o t  been d iscussed 
above and some o f  which have n o t  been pursued 
exper imen ta l l y  y e t .  One such example i s  t o  use t h e  
gyroscopic  e f f e c t s  i n  a r o t a t i n g  r i n g  w i t h  f l u x 0 n s 5 ~ .  
According t o  t h e  suggest ion t h i s  cou ld  be used as a 
r o t a t i o n  r a t e  sensor. I n  an analog a p p l i c a t i o n  o f  t h e  
f l u x  s h u t t l e ,  a c u r r e n t  a m p l i f i e r  and a D t o  A conver te r  
can be const ructed54.  Work w i t h  JTL s u p e r l a t t i c e ~ 5 ~  and 
JTL's w i t h  s p a t i a l l y  p e r i o d i c  pe r tu rba t i ons56  t h a t  i s  
go ing on p r e s e n t l y  may a l s o  l e a d  t o  new a p p l i c a t i o n s .  
Space l i m i t a t i o n s ,  however, does n o t  a l l o w  us t o  d i scuss  
t h a t  here. 
Summarv. 
F1 uxons on Josephson t ransmiss ion  1 i n e s  have many 
s u r p r i s i n g  and u s e f u l  p r o p e r t i e s  as I hope t o  have 
demonstrated i n  t h i s  rev iew.  As i n  many o t h e r  branches 
o f  o f  superconduct ing e l e c t r o n i c s  t h e  research i s  s t i l l  
go ing  on and eve ry  yea r  b r i n g s  new and s u r p r i s i n g  r e s u l t s ,  
t h a t  may soon l e a d  t o  u s e f u l  a p p l i c a t i o n s .  
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